were also investigated.
INTRODUCTION
Mossman (1937) states that 'the decidua develops as a glycogen-storing tissue in some animals ... for the purpose of being invaded and absorbed by the trophoblast', thus suggesting that one of its main functions is that of nutrition of the growing embryo. In the rat, as was shown in a previous paper (Christie, 1966) , an unusual situation exists in that two separate areas of decidua can be considered-one antimesometrial, in which glycogen accumulates until 6^t o 7 days, and then disappears again ; and one mesometrial, in which a gradual accu¬ mulation, beginning at 1\ days and continuing thereafter, occurs. The antimesometrial region will form the decidua capsularis and eventually degenerate, while the mesometrial region forms the decidua basalis. Thus, one may examine the histochemistry of glycogen metabolism in one situation where rapid turnover is occurring and another immediately adjacent, in which gradual storage is taking place. Many of the steps in carbohydrate, lipid and rna metabolism can be demonstrated histochemically, and it was decided to investigate the metabolic pathways followed by carbohydrate during the process of implantation in the rat. Some observations pertinent to the problem of the function of the decidua and the part played by it in the histiotrophic nutrition of the embryo are also presented.
MATERIAL AND METHODS
Virgin Wistar albino rats were used. Details of mating, timing of pregnancy and localization of early implantations are as in a previous communication (Christie, 1966) . Rats were killed at 4i, 5J, 6|, 7, T\, 8, 8\, 9$ and 10¿ days of pregnancy by cervical dislocation, and the uteri removed and frozen on solid carbon dioxide. Frozen sections were cut at 14 µ on a cryostat, and incubated for various dehydrogenases as listed in Table 1 . The incubation medium contained substrate, nad or nadp, buffer (phosphate except for g-6-pdh, and 6-PGDH-tris-HCl), Nitro-, sodium cyanide and polyvinyl pyrrolidone. Control sections were incubated without substrate, nadh and nadph diaphorases were also stained. Lipid was coloured on frozen sections with Sudan III or Sudan Black in propylene glycol, and rna was identified on paraffin sections of AFA-fixed material with chrome alum gallo-cyanine at pH 1-64 using ribonuclease controls.
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RESULTS

NON-EMBRYONIC tissues
The enzyme localizations observed divided the enzymes into four groups :
(1) Concerned with lipid metabolism-ocgpdh and /Johdh-whose locali¬ zation corresponded well with that of the lipid.
(2) Concerned with ribose production (possibly for rna synthesis)-G-6-PDH and 6-PGDH-whose distribution corresponded well to that of rna.
(3) Concerned with glycolysis-ldh, idh, sdh, mdh-or with reversal of glycolysis-me-whose distributions have relationships to the glycogen con¬ centration which were constant for the group, but varied depending on the area under examination. Immediately before degeneration ocgpdh and /?ohdh activities are observed in the epithelium (PI. 1, Fig. 1 ), appearing fairly intensely at the mesometrial end of the lumen (less so antimesometrial to that) and then gradually disappearing as the epithelium degenerates.
Trace activity is observed with both enzymes in the secondary decidua from 1\ (jSohdh) or 9^(ocgpdh) days onwards.
Group 2
The appearance of the primary decidua during implantation is accompanied by rna accumulation in its cells. By 6^days the conversion of primary to secondary decidua has occurred, and the latter contains rna (although in lesser amount) whose concentration remains reasonably constant until the end of the period examined, when it tends to fall off to a certain extent.
Lateral to the secondary decidua, and antimesometrially, the stroma cells contain more rna than those in the decidua. Antimesometrially, as the stroma becomes compressed laterally, the concentration falls off, particularly from 8 days onwards; mesometrially, however, the concentration initially increases both in the region destined to form the decidua basalis and the glycogen wings, although in the latter fall off in staining intensity from 8 days again occurs.
G-6-PDH and 6-pgdh are enzymes of the pentose shunt pathway, which may be linked to rna production. The former, but not the latter, is markedly present in the primary decidua at 5^days, and both enzymes appear at 6| days in the secondary decidua where they persist in trace concentrations until 8 days (6-pgdh) or the end of the period examined (g-6-pdh) . No activity is observed in the antimesometrial stroma ; however, the mesometrial stroma, excluding the glycogen wings, shows quite intense activity (particularly centrally) from 6J days (PI. 1, Fig. 2 ) till the end of the period examined. Here again, the activity is greater with g-6-pdh than 6-pgdh and falls off in intensity from 8 days on¬ wards. No activity is observed in the glycogen wings with either enzyme, and the luminal epithelium shows trace activity with g-6-pdh at the mesometrial end until epithelial degeneration occurs.
Group 3
The enzymes of this group are localized heavily in the uterine epithelium, in which they reach maximal intensity of staining shortly before degeneration when they rapidly decrease in amount. A zone of intense staining is also observed in the secondary decidua (PI. 1, Figs. 3 and 4) in which the enzymes reach their maxima over the period 7 to 8^days, and then decline in activity. Lateral to the decidua, the stroma shows intense coloration which decreases as it is traced further laterally, and here again some falling off in intensity is observed towards 10^days, more particularly antimesometrially than mesometrially in the future decidua basalis.
The period of decreasing activity described above is accompanied by an accumulation of enzyme activity in the glycogen wing region which is seen as persistence of staining there, whilst that in the stroma, from which it is difieren- The inner cell mass also shows 4-4-4-and this concentration is maintained until it differentiates into the primary germ layers wherein the ectodermal concentration remains high but less staining is shown by the mesoderm ( 4-4-), and least by the parietal endoderm ( 4-). Initially the visceral endoderm shows 4-4-to 4-4-4-staining which is maintained in the brush border when it differentiates at 8 days although cytoplasmic staining becomes considerably less ( 4-). On further differentiation into yolk-sac and embryonic endoderm, the cytoplasmic staining remains at the 4-level.
G-6-PDH activity appears in the trophoblast and abembryonic giant cells at 7 days and accumulates in the latter to 4-4-4-activity, but decreases in the trophoblast as it disappears. When the lateral giant cells appear at 9^days, however, they quickly accumulate large quantities of the enzyme and exhibit a similar staining reaction to the abembryonic group. Slight activity is seen in the ectoplacental cone at 7 days and increases rapidly, particularly centrally. Both layers of endoderm show 4-activity from 7 (visceral) or 9j (parietal) days onwards (PI. 2, Fig. 8 ) and when the visceral layer differentiates into yolk-sac and embryonic endoderm, the latter accumulates further activity. Ectoderm, mesoderm and amnion all show 4-activity as did the inner cell mass from which they are derived.
Similar, but less intense, staining is found with 6-pgdh.
The results observed in embryonic tissues with these enzymes are summarized in Table 2 .
All except me are found in the trophoblast (PI. 2, Fig. 6 ) where they gradually decrease in intensity as it thins out and disappears. In the tissues to which it gives rise, however-the abembryonic (PI. 3, Fig. 9 ) and lateral giant cells, and the ectoplacental cone-activity increases further (to maximal or near-maximal levels) and, towards 10^days, me activity also appears. In the ectoplacental cone at 9^a nd 10^days, the enzyme activity is greater centrally than periph¬ erally (PI. 3, Fig. 10 ).
The inner cell mass initially shows similar but lesser enzyme activities than the trophoblast. Thereafter ldh and idh decrease, although sdh and mdh increase to their maxima at 7 days, after which sdh maintains that level while mdh falls off in activity. When the visceral and parietal layers of endoderm differentiate the enzymes appear in them also, their levels remaining static (visceral layer) or accumulating slowly (parietal layer 4-; PI. 3, Fig. 9 ). Inter¬ esting changes are observed when the visceral layer differentiates into yolk-sac and embryonic endoderm. All enzyme activities decrease in the embryonic region (PI. 3, Fig. 9 ) and two (ldh, sdh) in the yolk-sac region also. In the Implantation of the rat embryo anterior and posterior intestinal portals of the embryo, however, marked concentrations of ldh, mdh, idh and sdh appear (PI. 3, Fig. 11 ) unlike the remaining embryonic endoderm ( + or Tr activity). In both sites me appears.
In the remaining tissues derived from the inner cell mass-ectoderm and mesoderm-ldh, idh, sdh and mdh activities increase to their maxima at about 8^days (PI. 3, Fig. 12 (Krehbiel, 1937; Bridgman, 1948; Christie, 1966) or lipid (Krehbiel, 1937; Bridgman, 1948; Alden, 1948) or rna (Krehbiel, 1937) , or have been concerned with later stages (Wislocki, Deane & Dempsey, 1946; Padykula, 1958; Padykula & Richardson, 1963) .
The distributions of lipid and rna described above substantially agree with the above authors, a more exact interpretation of the rna distribution having been facilitated by the method localizing only dna and rna at pH 1-64 (see Pearse, 1960) Table 2 where negatively reacting tissue (e.g. the mesoderm at 8 days) lies adjacent to a positive area; also in the lack of discoloration of the incubation medium (due to diffusion of enzyme into it) for several hours after the sections had been removed from it, whereas the omission of pvp produced discoloration even before the sections themselves had stained.
As the above observations suggest enzymic specificity it is of interest to examine the observed pathways of metabolism of carbohydrate, lipid and rna in relation to the implanting rat embryo; to speculate upon the sources of histiotrophic nutrition of the embryo, and the part played therein by the decidua and glycogen wings.
Group 1
The appearance of ocgpdh and /Johdh in the uterine epithelium before degeneration corresponds to the lipid content. It immediately succeeds maximal staining intensity in this site for non-specific esterase (Christie, unpublished observations) , which enzyme may be concerned with lipid breakdown to oc-glycero-phosphate and fatty acids, for further metabolism by ocgpdh or /Johdh respectively (Text- fig. 1 ). The abrupt disappearance of these enzymes from the epithelium just before degeneration presumably expresses metabolic cell death before histologie degeneration.
In the decidua and embryonic tissues, both enzymes correspond to the distribution of lipid and may be concerned with its breakdown. Two areas are of particular interest. First is the yolk-sac endoderm in which lipid accumulates from 8 ' days onwards and, although traces of j5ohdh are seen, no ocgpdh is found. This may be an expression of the storage, rather than the breakdown of the lipid. The second is the embryonic endoderm where both enzymes, but not lipid, appear. It may be that they are here concerned with absorption of lipid from the yolk-sac fluid, although this has not as yet been shown to be present. 290 George A. Christie Group 2 Excluding the embryo, four areas show correlation between g-6-pdh and 6-pgdh, and rna distribution: the primary decidua, the secondary decidua, the glycogen wings, and the mesometrial stroma.
In the primary decidua simultaneous accumulation of rna and g-6-pdh occurs (although not 6-pgdh) and their appearance there together would suggest that ribose for rna production in this site can arise via the pentose shunt (Text-fig. 1 ). The absence of 6-pgdh from this site remains inexplicable.
The rna increase is of particular interest, as primary decidua development corresponds temporally with the oestrogen 'surge' (Mayer, 1963) and oestrogen injection increases rna synthesis in the uterus of immature rats (Gorski & Nelson, 1965) . This finding further confirms and supplements the previous suggestion (Christie, 1966) that the oestrogen surge may primarily increase the levels of ATPase activity in the uterus, rna synthesis being known to decrease uterine atp levels under oestrogen stimulation (Aaronson, Natori & Tarver, 1965 ).
An association between the pentose shunt and rna production is again suggested by the decrease in rna concentration with conversion of primary to secondary decidua, and the concomitant marked decrease in g-6-pdh and 6-pgdh activities and, contrastingly, in the associated increase in rna and enzyme activity in the mesometrial stroma.
The low rna, G-6-PDH, and 6-pgdh concentrations in the glycogen wings, must be interpreted with caution, as the enzymes depend for their demon¬ stration on nadp diaphorase activity whose low levels of activity have been described, and will be discussed below.
In the embryo the correlation between rna content and g-6-pdh and 6-pgdh activities continues, for example, in the trophoblast and its giant cells. However, in the ectoplacental cone considerable quantities of g-6-pdh and 6-pgdh activities accumulate (particularly centrally) towards 10^days without a corresponding increase in rna and with a rapid accumulation of glycogen. The explanation of these observations may perhaps be found in the rapid enlarge¬ ment of the ectoplacental cone which is taking place; this presumably requires increased protein synthesis and therefore increased rna (messenger rna) turnover. In this respect the concomitant increase in fdh in this site is of interest (see below).
Group 3
The metabolic pathways relevant to carbohydrate, lipid and rna, and the points of action of the enzymes studied are indicated in Text- fig. 1 George A. Christie Thus the enzyme is distributed in the area of glycogen breakdown and, when all glycogen has been metabolized, the enzyme activity tails off. The intense glycolytic activity in this site, with much less activity of g-6-pdh and 6-pgdh, suggests glycogen breakdown via the Embden-Myerhof pathway, rather than via the pentose shunt. Beyond pyruvate marked activity of both anaerobic (ldh) and aerobic (mdh, sdh) pathways is here demonstrated, but it seems unlikely that cells will metabolize simultaneously aerobically and anaerobically. Evidence favouring the ldh pathway in this actively proliferating tissue is given by Dickson (1966) , who has shown that cancer cells tend to metabolize anaero¬ bically; in the observations of Villee & Hagerman (1953) , Gordon & Villee (1955) and Villee (1962) who have shown that decreasing oestrogen concen¬ tration, which occurs in the maternal blood supplying these cells, is accompanied by less complete oxidation of glucose; and in the effect noted by Bever (1959) who, working on the uterus of ovariectomized rats, showed that progesterone increase (present in pregnant rats) is accompanied by increasing ldh activity. That the cells are gaining some of their energy requirements from aerobic metabolism, however, is suggested by the intense sdh activity, and slightly less mdh. In any event, whatever the route, considerable energy production is obviously proceeding in these cells, and the breakdown of glycogen may be not only to glucose-6-phosphate and thence to glucose as suggested previously (Christie, 1966) , but also to more complete oxidation. The quantities of rna present in the decidua suggest that the energy produced may be used for protein synthesis.
In the glycogen wings glycogen accumulation is not accompanied by any alteration in these enzyme activities, and the only change suggestive of decreased oxidation of glucose is a fall-off of sdh concentration at 10| days. It can only be assumed either that decrease in glucose oxidation for glycogen synthesis in this site is too gradual to be detected histochemically, or that the glucose for glycogen synthesis is coming directly from the maternal blood stream.
In the embryo, glycogen is seen in wave-like cycles of deposition and loss. One extends from the commencement of the period examined to 9^days in the trophoblast and certain structures derived therefrom-abembryonic and lateral giant cells, although not the ectoplacental cone where central accumu¬ lation occurs. A second extends from 6 to 9\ days in the inner cell mass, parietal endoderm and visceral, later to become yolk-sac, endoderm. A third from 1\ to 9^days in the ectoderm, mesoderm, embryonic endoderm and amnion.
This third group of enzymes shows in embryonic structures, as might be expected, decreasing staining with lessening importance of the trophoblast and inner cell mass. However, the tissues derived from these two structures diverge markedly in staining pattern. Enzyme activity accumulates in the ectoplacental cone and giant cells, while a wave-like increase and decrease occurs in the ectoderm, mesoderm and endoderm (except the parietal layer). The ecto¬ placental cone, giant cells and parietal endoderm are much concerned with transport of substances from the decidua and maternal blood circulating around the chorionic vesicle into the yolk-sac cavity for embryonic nutrition. As the embryo enlarges, so the importance of such transport increases, certainly to the development of the chorio-allantoic placenta, which occurs later than the end Implantation of the rat embryo 293 of this study. Thus, increased staining in these sites with increasing embryonic size may be associated with increased transport, the energy for which presu¬ mably comes largely from glycolysis. In the ectoderm, mesoderm and endoderm, on the other hand, the main energy requirements at this stage are for mitosis, the energy source for which, at least in developing epithelia (Bullough, 1952; Sorokin, Padykula & Herman, 1959) , is known to be glycogen. Thus, in this study, the peak of the wave of enzyme activity in each of these tissues follows 12 to 24 hr after the decrease in glycogen concentration, suggesting that gly¬ cogen is metabolized in this site via glycolysis for energy production for mitosis, enzyme activity falling off, when the glycogen has been expended, to 'resting' levels. The fall-off of enzyme activity in the yolk-sac endoderm is rather surprising. This tissue is probably concerned with the absorption of at least non-diffusible substances from the yolk-sac cavity, presumably for breakdown and transport to the embryo for its nutrition; it would, therefore, seem likely that, as in the giant cells and parietal endoderm, increasing activity with increasing embryonic size would occur. Two possible explanations of this observation are:
(1) The level of enzyme activity reached at 9^t o 10¿ days is adequate for energy requirements, and the previous higher level is an expression of excessive glycogen breakdown, associated with morphogenesis.
(2) The yolk-sac endoderm absorbs non-diffusible substances from the yolksac cavity, metabolizes them to simpler substances, and then secretes them back out into the cavity, whence they gain direct access to the embryo for absorption. By this route the metabolites would not be required to be transported through the basement membrane of the yolk-sac endoderm and presumably less energy expenditure would be required.
Slight evidence in favour of the second suggestion above is seen in the observations previously reported (Christie, 1966) of a lack of adenosinetriphosphatase (concerned with transport across cell membranes) in the bases of the yolk-sac endoderm, and of the presence in the Golgi zone of the endoderm of considerable quantitites of thiamine pyrophosphatase (found in the Golgi membranes and presumably associated therewith in the process of secretion). The marked increase in enzyme (ldh, mdh, idh 
Diaphorases
The differences in localization of diaphorase activity with nadph as opposed to nadh, affect not only the demonstration of the other dehydrogenases, but also possibly the routes of metabolism in the tissues.
The paucity of g-6-pdh and 6-pgdh staining in the glycogen wings has been discussed previously, as has the decreased activity of idh (NADP-linked), as opposed to the other enzymes of the Krebs' cycle (all NAD-linked) in all sites examined. It is certain that the effect with respect to idh was not due to an NAD-linked isocitric dehydrogenase, as demonstrated in human placenta by Villee & Gordon (1955) Fig. 1 . aGPDH activity is confined to the epithelium of the uterine lumen, at 1\ days. Fig. 2 . g-6-pdh activity is more obvious at 7J days in the mesometrial stroma (s) than in the antimesometrial decidua (d). The embryo (e) shows little activity. Fig. 3 . ldh activity concentrated in the decidua (d) at 8J days is visible, and tails off as it is traced laterally to the stroma (s). Fig. 4 . mdh activity at 81 days is intense in the decidua (d), but almost absent from the implantation zone (i.z.). Plate 2 Fig. 5 . ldh activity is present in the glycogen wings (g.w.) at 8J days, although the stain¬ ing is not so intense as in the antimesometrial decidua (Fig. 3) . The mesometrial stroma (m.s.) is almost unreactive for this enzyme. Fig. 6 . idh activity accumulates markedly in the primary decidua (p.d.) and epithelium (ep.) but much less in the stroma (s). Some activity is also present in the trophoblast ( )-5J days gestation. Fig. 7 . j!ohdh activity is visible in the embryonic endoderm (e.e.), parietal endoderm (p.e.) and abembryonic giant cells (g.c.) at 9J days. Fig. 8 . This figure shows the distribution of g-6-pdh activity in the mesoderm (mes), embryonic endoderm (e.e.), yolk-sac endoderm (y.s.), parietal endoderm (p.e.) and particularly in the abembryonic giant cells (g.c.) at 10J days. Plate 3 Fig. 9 . sdh activity is seen in the embryonic structures in ectoderm (ect.), endoderm (e.e.) and in the parietal endoderm (p.e.) and abembryonic giant cells (o.e.). Moderate activity is also seen in the decidua (d). Fig. 10 . ldh activity occurs moderately at 10J days in the glycogen wings (g.w.) and is concentrated more in the centre of the ectoplacental cone (e.c.) than its periphery. Fig. 11 . Glycolytic enzyme activity (in this case mdh) increases markedly in anterior ( . .p.) and posterior intestinal portals at 10J days and is concentrated in the buccopharyngeal membrane (b.m.). Less activity is seen in the ectoderm (ect.). Fig. 12 . mdh activity reaches maximal levels at the time of embryonic ectoderm (ect.) and endoderm (e.e.) differentiation. Decidua (d), abembryonic giant cells (g.c.) and parietal endoderm (p.e.) also show strong positivity at this stage. Fig. 13 . fdh activity is seen in the ectoderm (ect.), mesoderm (mes.) and endodermsembryonic (e.e.) and parietal (p.e.) just interior to Reichert's membrance (r.m.) which separates the latter from the abembryonic giant cells (g.c.) and less positive decidua (d). 10£ days gestation.
